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Indications for AV shunting date back to 1959, when Levy and Sauceda (25) showed that the average renal circulatory time of red blood cells (RBCs) exceeds that of oxygen, suggesting that some of the oxygen has a shorter route of transport throughout the renal circulation. Schurek et al. (36) demonstrated that blood PO 2 in superficial glomeruli did not increase substantially during pure oxygen breathing, indicating that the excess oxygen exits the vessels in the preglomerular vasculature. More concrete clues for shunting came from Welch et al. (45) , who showed that the renal vein PO 2 exceeds that of blood in the efferent arterioles, suggesting oxygen transfer back into the venous tree. Finally, Leong et al. (24) found that there is no statistically significant change in renal tissue PO 2 for renal blood flow (RBF) variations of up to Ϯ30%, indicating that increase or decrease of oxygen supply due to altered RBF is compensated through changes in preglomerular oxygen shunting.
The transfer of oxygen from arterioles to the tissue and the consequent drop of PO 2 along the vasculature are prerequisites for AV shunting. In 1970, Duling and Berne (4) measured for the first time PO 2 along the vasculature and observed longitudinal gradients in PO 2 . It was not certain at the time whether the drop in PO 2 along the vasculature reflected a drop in the actual oxygen content of the blood or whether it was due purely to a drop in the amount of oxygen dissolved in the plasma. This question was answered later with microspectrophotometry, which enabled the measurement of the saturation of hemoglobin with oxygen, SO 2 (20, 21, 32, 38) . These studies showed that the longitudinal PO 2 gradient is in fact a reflection of an SO 2 gradient, meaning that a substantial amount of oxygen leaves the arterioles.
What happens to the oxygen once it exits the arterioles? It can either be consumed by the surrounding tissue or diffuse into nearby capillaries or venules and be removed by advection (that is, transported with the bulk motion of the blood). Experimental evidence for oxygen uptake by capillaries came from Ellsworth and Pittman (5) through investigations in the hamster cheek pouch retractor muscle. By measuring the oxygen saturation in capillaries in the vicinity of arterioles and venules, they showed that the arterioles can supply oxygen to the surrounding capillaries by diffusion. Similarly, venules can extract oxygen. In both cases, a favorable PO 2 gradient is required. Secomb and Hsu (37) computationally reproduced and confirmed the experimental results of Ellsworth and Pittman (5) . They concluded that diffusive oxygen transport from arterioles to capillaries constitutes an essential part of oxygen distribution to the tissue. Kobayashi and Takizawa (19) , studying the rat cremaster muscle, measured oxygen saturation in capillaries in the vicinity of arteriole-venule pairs. They observed that where the capillary under investigation passed nearby an arteriole, the oxygen saturation in the capillary increased. Similarly, saturation was reduced in regions where the capillary passed nearby venules. They suggested that oxygen that diffuses out of the arterioles is first taken up by the capillaries, is advected within them, and then diffuses into venules further downstream, thereby enhancing oxygen shunting between arteriole-venule pairs.
Considering the experimental evidence and computational validation of the diffusional uptake of oxygen by capillaries, one should not neglect the role of these vessels when studying oxygen transport dynamics in the tissue. Inspired by the observation of capillary beds at the level of arterioles in the skeletal muscle (22) , Salathé (35) developed a mathematical continuum model of oxygen transport in tissue containing capillaries. Therein, tissue and its capillaries are seen as a homogeneous structure. This model has been used in several computational studies (1, 33, 43, 44) . Hsu and Secomb (15) followed a different approach, modeling tissue and capillaries separately, but obtained results comparable with that of Salathé (35) . This supports the use of the continuum approach for the modeling of oxygen dynamics in tissue.
The homogeneous tissue model of Salathé (35) has also been employed to analyze the above-mentioned experimental data on the longitudinal SO 2 gradient (20) in the hamster cheek pouch retractor muscle (33, 43) . These analyses were based on the assumption that the permeability to oxygen is the same in both perfused and unperfused tissue. However, their results revealed that the experimentally observed oxygen fluxes are inconsistent with this assumption: the permeability of perfused tissue to oxygen may be one to two orders of magnitude higher than the measurements in unperfused tissue suggest (33, 43) . Tsai et al. (39) attributed this discrepancy to the oxygen consumption by the arterial wall. By measuring a large PO 2 drop across the arterial wall, they estimated the wall O 2 consumption to be two orders of magnitude higher than normally expected. Yet Vadapalli et al. (42) showed that the oxygen consumption rate proposed by Tsai et al. (39) is much higher than what is plausible based on the mitochondrial density in the arterial wall. Additionally, recent PO 2 measurement techniques (12, 13) that allow for a measurement of the radial PO 2 profile in the artery revealed that the transmural PO 2 gradient is reasonably smaller than reported by Tsai et al. (39) . Thus we still lack an explanation for the one to two orders of magnitude difference between the mathematically predicted and the experimentally measured values of oxygen flux from the arterioles [see recent review by Pittman (31) ].
Computational analyses of oxygen transport in the renal cortex have been performed by Gardiner et al. (10) , who first developed a one-dimensional advection-diffusion model for oxygen transport along a representative path from the renal artery down to the glomerular level. The model used realistic structural information obtained by Nordsletten et al. (29) through analysis of microcomputed tomography (CT) data of a rat kidney vascular cast (9) . However, the model did not take into account transport processes in the tissue but rather employed fluxes out of the arterioles and into the venules based on weighting factors to fit experimental data. In a later study (11) , the same group inferred structural information on the preglomerular vasculature from histology and used it for the formulation of a two-dimensional computational model of oxygen transport in cross-sections of arteriole-venule pairs of various configurations. This model predicted that considerable shunting can occur only when capillaries in the tissue are taken into account as sources or sinks for oxygen or when a vein wraps around the paired artery.
Taken as a whole, the studies referenced above confirm the complexity of renal oxygenation and point to several concepts that need to be studied in more detail. For instance, although there are indications for the existence of preglomerular AV oxygen shunting, there is neither proof for nor quantification of it. It is also unknown how shunting would be affected by changes in perfusion and consumption or whether it could indeed fulfill its hypothesized role of passive regulator of kidney oxygenation.
With the study at hand, we aim to assess the plausibility of preglomerular AV shunting and elucidate its possible interaction with perfusion and consumption under changing conditions of oxygen supply and demand. To this end, we have developed a segment-wise three-dimensional oxygen transport model of the renal cortex that takes into account the physical processes governing oxygen transport dynamics in blood vessels, capillaries, and tissue. We use the model to first reproduce renal PO 2 data obtained experimentally in rats by Welch et 
METHODS

Model Domain
Here, we describe the development of a computational model that follows the vasculature through representative levels that correspond to 11 Strahler orders of the kidney vasculature, which Nordsletten et al. (29) identified through CT analysis of a rat kidney vascular corrosion cast (9) . Conceptually, the model is based on an extension of the single dimensional approach used by Gardiner et al. (10) to a segment-wise three-dimensional description of oxygen transport. The computational domain for a single representative level is shown in Fig. 1 . Making use of the symmetry provided by an assumed repetitive arrangement of artery-vein pairs (Fig. 1C) , the domain is composed of one-quarter of two artery-vein pairs and the adjacent tissue. Blood flows through the arteries and the veins in opposite directions. The structural information for each level [artery radius (R a), vein radius, (Rv), number of vessels (k), and length of vessels (1) ] is given in Table 1 . Nordsletten et al. (29) provided separate sets of data for arterial and venous trees and pointed out that veins pair up with arteries of lower order. Moreover, they gave an empirical relation between artery and vein radii. Just as Gardiner et al. (10) did, we used the data for the venous tree and calculated the corresponding arterial radii based on the relation provided by Nordsletten et al. (29) . The distance between artery-vein pairs is termed lumen separation (LS), which is determined as detailed in the APPENDIX and listed in Table 1 .
Mathematical Formulation
In this section, we present the equations governing oxygen transport dynamics in the renal cortex. A detailed description and derivation of the equations are given in the APPENDIX. As explained in the previous section, the model domain is composed of vessels and tissue in which two different sets of equations are solved. The intravascular model describes oxygen transport in the vessels, whereas the homogeneous tissue model represents transport dynamics in the tissue. The intravascular model builds on imposed hematocrit and velocity profiles that are used to solve for the axial convection of blood plasma and RBCs. The plasma carries dissolved oxygen, whereas the RBCs carry dissolved and hemoglobin-bound oxygen. This model also accounts for the radial diffusion of dissolved oxygen in the plasma. The homogeneous tissue model considers both diffusion of free oxygen and advection of free and hemoglobin-bound oxygen along the capillaries.
There exists an RBC-free region close to the vessel wall, as shown in Fig. 1 . The thickness of this region is given by
, where R is the vessel radius and RRBC and tRBC are the radius and maximum half thickness of an RBC taken as 4 and 1.3 m (27), respectively. The corresponding hematocrit profile is given by
where Rr is the radius of the RBC-rich region (27) . The plasma velocity profile in the RBC-rich region, uP(r), deviates slightly from the parabolic Poiseuille profile by a blunting factor, B ϭ 0.9, and u RBC(r) lags behind uP(r) by a slip constant, slp ϭ 0.1 (27) :
The plasma velocity profile in the RBC-free region u= P(r) is given by
In Eqs. 1 and 2, h m, m, a, and b are parameters that are determined as explained in the APPENDIX. The calculated velocity and hematocrit profiles for a representative level are shown in Fig. 1 .
Intravascular Model
In the arteries and veins, we based our calculations on the large capillary model (LCAP) of Nair et al. (27) and a simplified version thereof (28) . The LCAP was conceived originally for the prediction of oxygen transport in vessels with diameters Ͼ20 m but then shown to be applicable down to 15 m (14, 27). All vessels in our domain were Ͼ15 m in diameter and, with the exception of those in order 0, Ͼ20 m (see Table 1 ). In the LCAP, the partial pressure of oxygen in the RBC-rich region, PO 2, is governed by (28) 
where CHbT, ␣P, and ␣RBC are the total heme group concentration in RBCs and the solubility of oxygen in plasma and inside the RBC, respectively. SO 2 is the saturation of hemoglobin with oxygen, and the permeability of oxygen in plasma is defined as KP ϭ ␣PDP, where DP is the diffusion coefficient of oxygen in plasma. In the RBC-free region, plasma free oxygen concentration follows:
Homogeneous Tissue Model
We base our calculations for the tissue on the model developed by Salathé (35) , which views tissue and capillaries as a homogeneous structure where perfusion and consumption are uniform and dependent on capillary density. It considers diffusion of free oxygen as well as advection of both free and hemoglobin-bound oxygen along capillaries. The homogeneous tissue oxygen partial pressure, PO 2, is governed by (35) 
where , u, ␣ There is a RBC-free region close to the wall with thickness ␦ and an RBC-rich core with radius Rr. uRBC(r), uP(r), and h(r) are the RBC and plasma velocity profiles and the hematocrit profile, respectively.
[mean value of the range given by Leithner and Royl (23); see DISCUSSION] . The advection path of oxygen along capillaries is assumed to be closed and rotational as represented by the streamlines shown in Fig. 1D . This functional layout of the advection path ensures both periodicity of the domain as well as a homogenous distribution of capillary orientation (see Fig. 1C ). The maximum advection velocity of oxygen is taken as 1.85 mm/s (17) along the outermost streamline, gradually reducing to zero at the rotation center (see APPENDIX). The fractional capillary volume is calculated on the basis of recently reported values of capillary density around arteries of various calibers in the rat kidney (11), assuming a capillary diameter (d c) of 7.2 m (see Table 1 ) (6, 43, 44) . Hematocrit in the capillaries is calculated according to Pries et al. (34) (see APPENDIX). All parameters related to oxygen transport dynamics are given in Table 2 .
Computational Implementation
The computational domain for a single representative level is shown in Fig. 1 . Initially, the advection path of oxygen along capillaries is obtained as described in the APPENDIX. The hematocrit profile and the plasma and RBC velocity profiles are given by Eqs. 1 and 2 and are preset in all vessels, as detailed in the APPENDIX. With all flow fields set, Eqs. 3 and 4 are solved inside the vessels, whereas Eq. 5 is solved in the tissue. The computations are performed in a timedependent manner using the Euler method for time discretization. The computations are terminated when steady state is reached, i.e., when changes in the PO 2 profile at each representative level become negligible. A first-order upwind scheme and a second-order Gaussian integration scheme with harmonic interpolation for oxygen permeability are used for the spatial discretization of divergence and Laplacian terms, respectively. The resulting algebraic system is solved using a preconditioned biconjugate gradient solver (8) in OpenFoam version 1.6-ext (16, 46) . The solution is determined on all representative levels simultaneously. Independence of the reported results from the employed spatial discretization was confirmed as detailed in the APPENDIX.
We performed simulations with two different tissue models. The first one is referred to as the advection-facilitated diffusion (AFD) model, in which advection of free and hemoglobin-bound oxygen in capillaries traversing the tissue is taken into account via Eq. 5. The second one is referred to as the pure diffusion (PD) model, where only diffusional transport of oxygen through the tissue is considered. In that case, Eq. 5 reduces to
Boundary Conditions PO 2 at the inlet of the renal artery is fixed to PO2,RA. For the rest of the inlet boundary conditions (BC), at each representative level throughout the computations, partial pressure of oxygen at the inlet, PO2,inlet,i, is specified such that the oxygen delivery DO2,inlet,i (see APPENDIX for calculation) matches the delivery at the outlet of the previous level:
The venous return PO2,inlet,v,0 is specified such that
where V O 2,M and JO2,c are the medullary oxygen consumption rate and the flux of oxygen between the capillaries and the cortical tissue, respectively. These BCs ensure that oxygen delivery throughout the kidney is conserved, i.e., DO 2,inlet,a,10 ϭ DO2,outlet,v,10 Ϫ V O2,C Ϫ V O2,M (see Fig. 2 ).
As to the outlet BCs, convective flux boundary conditions are imposed on all vessel outlets by setting the diffusive flux to zero. On all lateral surfaces, diffusive flux is set to zero. At the vessel tissue interfaces, there is continuity of oxygen partial pressure and oxygen flux such that
Base Cases
The computational model is first used to reproduce experimental data by Welch et al. (45) and Johannes et al. (18) , as summarized in Tables 3 and 4 , respectively. We refer to these cases as base cases. Measured values of RBF, DO 2, V O2, and renal artery PO2 (PO2,RA) are supplied as inputs to the model, as explained in the APPENDIX. The model output includes renal vein PO2, PO2,RV, cortical PO2, PO2,C and efferent arteriole PO2, PO2,EA. For the data given by Welch et al. (45) , PO2,C is assumed to be the reported outer cortical PO2. The reported efferent arteriole oxygen partial pressure, PO2,EA is taken as the reference afferent arteriole PO2. The underlying assumption is that the oxygen partial pressure drop in the glomeruli is negligible. The data of Welch et al. (45) are based on in vivo measurements with oxygen-sensitive ultramicroelectrodes in normotensive Wistar-Kyoto (WKY) and spontane- B, blunting factor; CHbT, ␣P, and ␣RBC, total heme group concentration in red blood cells (RBCs) and the solubility of oxygen in plasma and inside the RBCs, respectively; DP, diffusion coefficient of oxygen in plasma; DT, diffusion coefficient of oxygen in tissue; dc, capillary diameter; HD, discharge hematocrit; n, empirical constant in Hill equation; P50, half-saturation oxygen partial pressure; RRBC, radius of RBC disk; slp, slip constant; tRBC, maximum half-thickness of RBC; u, oxygen advection velocity in capillaries; VC, cortical tissue volume; ␣T, solubility of oxygen in the tissue.
ously hypertensive (SHR) rats. Hereinafter, these two base cases are referred to as WKY and SHR, respectively. The data of Johannes et al. (18) are derived from phosphorescence quenching PO 2 measurements on a rat model of acute normovolemic hemodilution. During these measurements, hematocrit was progressively decreased from a nominal value of 44.7%. The corresponding base cases are referred to as H0 (nominal hematocrit of 44.7%), H1 (hematocrit 22.7%), H2 (hematocrit 13.2%), and H3 (hematocrit 9.0%) and as a group denoted as the hemodilution base cases.
Case Setup
Next to the six base cases presented above, we performed simulations in which we investigated the effects of altering RBF and/or V O2 and changing PO2,RA, which we refer to as RBF/V O2 cases and hypoxemia/hyperoxemia cases, respectively. All RBF/V O2 cases and hypoxemia/hyperoxemia cases are derived from the WKY base case by changing the corresponding parameter. All computational cases presented here are set up as follows (see APPENDIX for details): 1) the oxygen advection path in the tissue is determined; 2) velocity and hematocrit profiles are established; 3) the total heme group concentration is determined; 4) the local rate of oxygen consumption at each representative level is assigned; and 5) the capillary PO 2, PO2,c is set.
RESULTS
WKY and SHR
We first compared the output of the AFD and PD models for the WYK and SHR base cases. For the AFD model, we used the permeability value of unperfused tissue, K ϭ K*. For the PD model, we evaluated outputs with both unperfused and perfused tissue permeability, K ϭ 15K*, where the factor of 15 was proposed (33, 43) to attain consistency between the calculated and the experimental results of Kuo and Pittman (20) . Figures 3 and 4 show the reference values as well as the calculated arterial, venous, and tissue PO 2 profiles for the WKY and SHR cases, respectively. Figures 3A and 4A compare the output of the AFD and the PD model with K ϭ K*, whereas in Figs. 3B and 4B perfused tissue permeability of K ϭ 15K* is used for the PD model. In both WKY and SHR cases, the reference renal vein PO 2 is matched with both the AFD and the PD models, since this value depends solely on the total oxygen consumption in the kidney. The AFD model perfectly reproduces the PO 2,C reference values of 42 and 31 mmHg for WKY and SHR cases, respectively. Figures 3A and 4A illustrate very clearly that for both the WKY and SHR cases, the AFD model results in a higher axial PO 2 drop along the arterial tree, with a closer match to the reference afferent arteriole PO 2 than the PD model. In the WKY case, using the AFD model, the average afferent arteriole PO 2 in the blood plasma is PO 2,outlet,a,0 ϭ 59.3 mmHg, with a range of 38.2 to 75.1 mmHg throughout the cross-section. This compares to a reference value of PO 2,AA ϭ 45 mmHg. The PD model yields PO 2,outlet,a0 ϭ 69.5 mmHg and a range of 62.9 to 77.2 mmHg. In the SHR case, the reference is PO 2 Figure 5 illustrates the arterial, venous, and capillary fluxes normalized by the total delivery for the AFD and PD models in all orders. Again we observed similar values for arterial and venous fluxes calculated with the AFD model and the PD model with K ϭ 15K*, whereas the PD model with K ϭ K* resulted in smaller arterial and venous fluxes. To meet the tissue's oxygen demand, the capillaries had to supply more oxygen in the PD model with K ϭ K* (see Fig. 5C ). In the AFD model, the arteries supplied 3 and 5.4%, the veins supplied 0.8 and 1.5%, and the capillaries supplied 7.1 and 10.3% of the total renal oxygen delivery to the cortical tissue for the WKY and SHR cases, respectively. Note that "total renal oxygen delivery" refers to the total amount of oxygen delivered to the kidney through the renal artery. The remaining 89.1 and 82.8% of the total delivery either exit the kidney through the renal vein or are consumed in the medulla, respectively. The capillary supply was concentrated in the last two orders, as the consumption was much higher here compared with the other orders and the supply from the preglomerular vasculature was insufficient to meet the tissue's demand. We also observed that there was no artery-to-vein oxygen shunting in either of the two cases but, in contrast, a small flux of oxygen from the veins to the tissue. The PO 2 profiles on the venous side in Figs. 3 and 4 increased slightly in the lower orders and then flattened and remained so up to the renal vein. The increase in PO 2 may appear counterintuitive at first, since there was oxygen flux from the veins into the tissue and, consequently, a decrease in oxygen delivery from order 0 up to the renal vein. However, the herein reported PO 2 values are averages for the plasma in the given vessel cross-section and as such depend on the spatial oxygen and flow profile in the lumen (see APPENDIX). With the intraluminal PO 2 profile becoming more flat as we go from lower to upper generations, the reported average PO 2 slightly increases despite decreasing oxygen delivery.
These results show that the AFD model reproduces the experimental data better than the PD model and that it accounts for the proposed high permeability of perfused tissue to oxygen without having to introduce a scaling factor (33, 43) . The remainder of the results reported herein are thus based exclusively on the AFD model.
Effects of RBF and V O 2
To investigate the coupled effect of oxygen delivery and oxygen consumption on tissue oxygenation and shunting, we regime, no shunting is observed in any of the other cases; on the contrary, Յ0.9% of the total renal oxygen delivery is supplied to the tissue from the venous side. Considering Fig.  7D , we observe that, independent of RBF, the source of oxygen supply shifts to the preglomerular vasculature for high renal oxygen consumption, and the oxygen demand is met predominantly by the capillaries for low renal oxygen consumption. Figure 8 illustrates the results of simulations with renal artery PO 2 , PO 2,RA varying from 30 to 593 mmHg to investigate hypoxemic and hyperoxemic conditions. Figure 8A shows the reference values for glomerular PO 2 from Schurek et al. (36) as well as the calculated cortical PO 2 . In hypoxemic conditions, e.g., when PO 2,RA ϭ 30 mmHg, the cortex becomes hypoxic with a cortical PO 2 of 10.7 mmHg. With increasing PO 2,RA , cortical PO 2 increases sharply. At PO 2,RA ϭ 90 mmHg, we have a perfect match with the reference value of 46 mmHg from Schurek et al. (36) . With further increase in PO 2,RA , cortical tissue PO 2 stabilizes between 46 and 80 mmHg. At PO 2,RA ϭ 593 mmHg, the computed value is in good agreement with the reference value of 80 mmHg from Schurek et al. (36) . Also, the general behavior observed in our model is consistent with the observation by Schurek et al. (36) that the superficial glomerular PO 2 does not increase substantially with pure oxygen breathing. The reason for this behavior is that as blood plasma is loaded with increasing amounts of oxygen, the increased PO 2 gradient between the arterial side and the tissue favors more oxygen transport from the arteries into the tissue. This increased flux of oxygen in hyperoxemia as shown in Fig. 8 C and D , meets the demand of the tissue; oxygen is consumed without inducing a significant increase in tissue PO 2 . This increased flux from the arterial side also results in decreased capillary supply. For PO 2,RA Ͼ 300 mmHg, the tissue demand is met predominantly by the preglomerular vasculature, as shown in Fig. 8B . How- ever, even for PO 2,RA ϭ 593 mmHg, JO 2,a is not larger than the cortical consumption, as shown in Fig. 8 , C and D. Hence, there is still only negligible oxygen shunting under hyperoxemic conditions. In the case of hypoxemic conditions, e.g., when PO 2,RA ϭ 30 mmHg, the oxygen demand of the tissue is met predominantly by supply at the capillary level (15.5% of total renal oxygen delivery is supplied to the tissue by the capillaries, whereas the arterial and venous fluxes to the cortical tissue constitute 6.8% of the total renal delivery, as shown in Fig. 8D ).
Effects of hypoxemia and hyperoxemia.
Hemodilution Base Cases
Johannes et al. (18) studied the effects of reduced hematocrit on renal oxygenation in a rat model of acute normovolemic hemodilution by progressively replacing blood with a colloid. They reported renal blood flow, oxygen delivery, oxygen consumption and PO 2 at a number of locations for a nominal hematocrit of 44.7% as well as for four hemodiluted states. However, they also reported that in the final stage of hemodilution, in which hematocrit is reduced to 6.5%, most of the animals became hemodynamically unstable. Therefore, we reproduce the experimental results of the nominal case as well as the initial three stages of hemodilution computationally, avoiding the final, hemodynamically unstable stage. Figure 9 shows the computed PO 2 profiles as well as the reference values for the H0, H1, H2, and H3 cases. As in the WKY and SHR cases, the computed renal vein PO 2 values match the reference values perfectly for all the hemodilution base cases. Cortical PO 2 values are in good agreement with the reference values for the H0 and H1 cases. For lower hematocrit values, the computed cortical PO 2 is slightly higher than the corresponding experimental reference values. Figure 10 shows cortical tissue PO 2 , tissue oxygen supply ratio, and oxygen fluxes together with cortical oxygen consumption in their absolute values and as percentage of total DO 2 . We observed that PO 2,C decreases almost linearly with decreasing hematocrit. In all hemodiluted cases, PO 2,C is Ͻ40 mmHg. The oxygen demand of the tissue is met predominantly by supply through capillaries in the H0 and H1 cases, whereas preglomerular vasculature and capillaries contribute almost equally for lower hematocrit values (H2 and H3 cases; see Fig.  10B ). Considering the absolute values of the oxygen fluxes and the cortical oxygen consumption (Fig. 10C) , we see that with decreasing hematocrit, cortical oxygen consumption first increases and then decreases. The same pattern is observed for oxygen supply from the arterioles and the capillaries. On the venous side, we do not observe any oxygen shunting but rather a relatively low venous oxygen supply to the tissue that increases with decreasing hematocrit. Evaluating these values as percentage of the total renal oxygen delivery (Fig. 10D) , we note that cortical oxygen consumption increases Յ40% of the total renal delivery with decreasing hematocrit. Supply to the tissue from the arteries, veins, and capillaries follows the same trend: it increases with decreasing hematocrit, with the largest part of the supply coming from the capillary network.
DISCUSSION
We have made the following key observations in this study.
1)
The presumed high permeability of perfused tissue to oxygen may be explained by what we refer to as advectionfacilitated diffusion. 2) None of the investigated conditions resulted in considerable AV oxygen shunting in the preglomerular vasculature.
3) The oxygen source for cortical tissue supply shifts between the preglomerular vasculature and capillaries, depending on the oxygen consumption rate and the oxygen content of renal arterial blood. The first observation was derived from simulations comparing the AFD model, in which advection of free and hemoglobin-bound oxygen in capillaries traversing the tissue is taken into account, and the PD model, where only diffusional transport of oxygen through the tissue is considered. The remaining two observations are based solely on the AFD model, as it was proven to reproduce experimental results better than the PD model. In the following we will discuss these observations.
Permeability of Perfused Tissue to Oxygen
There is a long-standing discourse in the literature on the correct permeability value of perfused tissue to oxygen. To bring the results of oxygen flux measurements in agreement with those of mathematical analyses (33, 43) , it has been proposed that the permeability of perfused tissue should be one to two orders of magnitude higher than that of unperfused tissue (31, 33, 43) . Here, we have shown that when advection of oxygen through capillaries is taken into account, a similar axial PO 2 drop along the arterial vasculature is produced when tissue permeability is increased by a factor of 15. The differences between perfused and unperfused tissue should be viewed as differences in apparent rather than in actual permeability. We propose that advection of oxygen within capillaries increases the apparent tissue permeability (rather than the actual permeability) in a process we refer to as advectionfacilitated diffusion.
Preglomerular Oxygen Shunting
We have not observed considerable AV shunting in any of the cases studied. On the contrary, the venous side generally supplies some oxygen to the cortical tissue, albeit a rather small portion of the total demand. A critical look at the literature shows that there is no definite evidence for preglomerular AV shunting but rather indications. We will review these and comment on them in view of the results at hand. The first indication for oxygen shunting throughout the kidney came from Levy and Sauceda (25) , who showed that the average renal circulatory time of RBCs exceeds that of oxygen, indicating that some of the oxygen has a shorter route of transport through the kidney. Although this constitutes evi- dence for AV shunting at some location in the kidney, by itself it does not point to preglomerular shunting. Indeed, Levy and Sauceda (25) pointed to either the peritubular capillaries in the cortex or the vasa recta in the medulla as the location of potential oxygen shunting, favoring the latter on the basis of their anatomic arrangement. The ascending (AVR) and descending vasa recta (DVR) traverse the renal medulla in close proximity to each other. This is a favorable configuration for AV oxygen shunting. Indeed, Zhang and Edwards (47) demonstrated computationally diffusional oxygen shunting between AVR and DVR. Therefore, our results do not contradict the observation of Levy and Sauceda (25) that, on average, oxygen has a shorter route of transport than the RBCs. Later, Schurek et al. (36) showed that PO 2 in the superficial glomeruli does not increase substantially with pure oxygen breathing and suggested that the excess amount of oxygen delivered to the kidney in pure oxygen breathing is shunted to the venous side in the preglomerular vasculature. Our computed cortical PO 2 values are in very good agreement with the measurements of Schurek et al. (36) . Based on their glomerular PO 2 measurements, Schurek et al. (36) estimated that with a drop from 90 to 46 mmHg from the renal artery to the glomeruli, half of the oxygen bound to hemoglobin should have left the arterial vasculature at the end of that path. However, at PO 2,RA ϭ 90 mmHg, we calculated the oxygen saturation based on the intraluminal PO 2 profile, as detailed in the APPENDIX to drop from 93.3 to only 90.8% from renal artery to afferent arteriole. Also, the oxygen flux through the artery walls constitutes only 3.1% of the total renal oxygen delivery. Overestimating the oxygen flux from the preglomerular arteries, Schurek et al. (36) suggested that this oxygen should be shunted to the venules. We show here that the oxygen flux from the preglomerular arteries is not sufficient to meet the demand of the tissue. Consequently, there is no AV shunting. At PO 2,RA ϭ 593 mmHg, oxygen flux from the preglomerular arteries increases to Յ7.8% of the total renal delivery, which in turn causes supply from capillaries to the tissue to diminish considerably (see Fig. 8 ). However, this increase is still insufficient to meet the cortical demand, and hence, there is also no considerable preglomerular AV shunting in hyperoxemia.
Stronger indications for AV shunting came from Welch et al. (45) when they showed that the renal vein PO 2 exceeds that of efferent arteriole, suggesting that there should be some preglomerular oxygen transfer into the venules. We point out that in the efferent arteriole, as in any other blood vessel, there is an intraluminal distribution of PO 2 rather than one single value. Our calculations show a PO 2 range of 38.2-75.1 mmHg in the cross-section at the outlet of the afferent arteriole. The reported value of 45 mmHg for the efferent arteriole by Welch et al. (45) falls well within this range. Since it is not clear from the reported data at which radial location in the efferent arteriole this value was obtained, we conclude that our results do not contradict those experimental data. In other words, the measurements of Welch et al. (45) can be explained without preglomerular AV shunting. Evidence for oxygen shunting should be based on the amount of oxygen transferred between vessels and tissue rather than on single-point PO 2 measurements. The computational model at hand allows for calculation of such oxygen fluxes.
To estimate the maximum amount of oxygen that could be shunted, we performed simulations for a hypothetical case in which cortical oxygen consumption was set to zero and the total consumption was confined to the medulla, i.e., V O 2,C ϭ 0 and V O 2,M ϭ V O 2 . The corresponding results for the WKY base case are presented in Figs. 11 and 12 . We observe that when there is no cortical consumption, the cortical PO 2 increases from its base case value of 42 to 60.9 mmHg. This increase in tissue PO 2 decreases the PO 2 gradient between the arterioles and the tissue and results in a lower oxygen flux from the arterial side into the tissue compared with the base case (see Fig. 12A ). Hence, the axial PO 2 drop along the arterial vasculature is also reduced. Since there is no tissue consumption, the oxygen flux originating in the arterioles is directed straight into the venules (see Fig. 12B) . And yet the corresponding amount of shunted oxygen constitutes only 1.2% of the total oxygen delivery. We conclude here that even in the unrealistic scenario of no oxygen consumption in the cortical tissue, the amount of preglomerular shunting is negligible.
Another indication for preglomerular AV oxygen shunting came from Leong et al. (24) , who concluded from their experiments on rabbits that in the absence of changes in oxygen consumption, there is no statistically significant change in renal tissue PO 2 when blood flow is varied up to Ϯ30%. They proposed that the change in oxygen supply due to altered RBF is compensated by changes in preglomerular oxygen shunting, thus suggesting that AV shunting is a passive regulator of tissue PO 2 . However, the reported lack of statistically significant change in renal tissue PO 2 needs to be viewed in context of the small sample size of eight animals. Indeed, our calculations predict a maximum cortical PO 2 change of 11% upon a Ϯ30% change in RBF (see Fig. 6 ). This compares with a variation of 23% in the mean (averaged over all animals) cortical PO 2 reported by Leong et al. (24) , for which statistical significance could not be established. A sample size on the order of 50 animals would be needed to show with a certainty of 95% that there is the level of PO 2 change predicted by our model [desired P value of 0.05, statistical power of 0.95, sigma of 6.5 mmHg derived from the third figure in Leong et al. (24) , ⌬ of 4.6 mmHg derived from our model based on 30% change in RBF]. At the bottom line, both the raw experimental data as well as our model indicate that only small changes in cortical PO 2 will occur upon relatively large changes in RBF. However, in contrast to the interpretation of Leong et al. (24) , our calculations demonstrate that no shunting is necessary to account for this behavior.
Although there are to our knowledge no further independent experimental indications reported for preglomerular oxygen shunting, a computational study by Gardiner et al. (10) did predict significant shunting. Gardiner et al. (10) used a onedimensional modeling approach, following representative levels of the renal vasculature. The study ignored oxygen consumption in the cortical tissue, capillary oxygen supply, and intraluminal oxygen transport dynamics but took into account fluxes out of the arterial tree and into the venous tree. These fluxes were adjusted via weighting factors to fit the measurements of Welch et al. (45) . Assuming that the venous return PO 2 is equal to the efferent arteriole PO 2 of 45 mmHg (for a 7 mmHg rise in PO 2 from venous return to renal vein), Gardiner et al. (10) estimated that there should be a minimum of 5.9 mol/min of oxygen shunting (12.8% of total renal delivery). Our model predicts a comparable rise in PO 2 of 5.8 mmHg from the venous return to renal vein but does not predict any oxygen shunting. This difference between the two models can be explained as follows: the one-dimensional model of Gardiner et al. (10) determines oxygen delivery based on individual PO 2 values at each cross-section. In contrast, our segmentwise three-dimensional model takes into account the spatial distribution of PO 2 and thus allows for more accurate calculation of oxygen delivery and hemoglobin saturation. As shown further above, even in the absence of oxygen consumption in the cortical tissue, the amount of AV shunting predicted by our model constitutes a mere 1.2% of the total delivery. Thus we consider the amount of preglomerular shunting suggested by Gardiner et al. (10) to be at least an order of magnitude too high.
Oxygen Source for Supply to Cortical Tissue
Another long-standing discussion in the literature concerns the source of oxygen for supply to the cortical tissue: is the oxygen demand of the tissue met predominantly at the capillary level, or do the arterioles supply enough oxygen to cover consumption in the cortex (31, 40) ? Our model allows for discrimination between arterial, venous, and capillary sources of oxygen. We observe that the source of cortical oxygen is dependent on the local tissue oxygen consumption and the arterial blood oxygen content. The obtained results suggest that when oxygen consumption in the tissue is high or renal arterial blood is highly oxygenated, i.e., in hyperoxemic conditions, oxygen is supplied to the tissue predominantly by the preglomerular vasculature. In contrast, when consumption in the tissue is low or the arterial blood is poorly oxygenated, i.e., in hypoxemic conditions, capillaries are the primary source of oxygen.
Limitations of the Model
The main limitation of the model is that it reduces the complex structure of the vascular tree to consecutive threedimensional segments according to Strahler order. Although this configuration takes into account oxygen transport processes within the individual segments in three dimensions and considers axial transport from one segment to the next in line, it does not take into account possible oxygen exchange between adjacent segments of different order. Additionally, the actual configuration of the capillaries in the cortical tissue may differ from the functional layout employed in the model, which could also influence oxygen transport between segments of different order. We also note that results may differ in multipapillate kidneys because of differences in the vascular anatomy.
A further limitation of the model is that it does not take into account changes in blood CO 2 concentration or pH along the vascular tree. Thus it can not account for possible changes in oxygen transport dynamics caused by the Bohr effect. A coupled transport model of O 2 and CO 2 would be necessary to investigate this.
An important parameter used in the computations is the PO 2 difference between capillaries and tissue, ␤ c ϭ PO 2,c Ϫ PO 2 .
We set this parameter to 20 mmHg, which is the mean value of the physiological range of 10 -30 mmHg reported by Leithner and Royl (23) for the brain. To investigate the sensitivity of our model to the choice of ␤ c , we performed the entire set of simulations also for ␤ c ϭ 10 and 30 mmHg. Following the same procedure (as explained in the APPENDIX) of choosing such that the computed cortical PO 2 matches that of the reference values, we obtained qualitatively and quantitatively similar results for all tested values of ␤ c . Importantly, none of our main findings depend on the choice of ␤ c .
CONCLUSIONS
Our model suggests that cortical tissue oxygenation is determined largely by the interplay between oxygen supply to and consumption in the tissue, but not by AV shunting in the preglomerular vasculature.
APPENDIX
Model Domain
We assume that all arteries and veins are separated by the LS distance at all representative levels, as shown in Fig. 1C . Accordingly, we calculate the volume of the renal cortex as follows:
where ki, li, LSi, Ra,i, and Rv,i are the number of vessel pairs, length of vessels, lumen separation between artery-vein pairs, radius of artery, and radius of vein, respectively, at each representative level i. The cortical tissue volume is calculated as V C,T ϭ VC Ϫ VC,V, where VC,V is the volume occupied by the vessels:
To set LS at each representative level, we use the histology data by Gardiner et al. (11) , which gives LS with respect to arterial diameter in the kidney cortex and the total cortex volume given by Eq. A1. We first fit a curve to the data by Gardiner et al. (11) and then adjust this curve by a factor to set the cortex volume given by Eq. A1 to 0.98 cm 3 , which is based on CT data (9) . Based on these, we derive the relationship LS ϭ 1.52 ϫ (4.36 ϫ 10 Ϫ4 d a 2 Ϫ 0.23da ϩ 73.26), in which LS and da are lumen separation and arterial diameter in micrometers. The obtained LS values for each representative level are given in Table 1 .
Mathematical Formulation
Hematocrit and velocity profiles. Equations 1 and 2 have four unknown parameters: h m, m, a, and b. These parameters are obtained for each representative level from the following four equations (27) : the continuity of the plasma velocity profile at the interface of RBC-rich and RBC-free regions, u P͑ R r͒ ϭ u P ͑Rr͒;
overall RBC mass balance that defines the discharge hematocrit, HD,
overall plasma mass balance,
and the definition of the tube hematocrit, HT,
By applying Eqs. 1 and 2, Eqs. A3-A6 can be written as (26)
Eqs. A7-A10 are solved for the four unknown parameters at each representative level, with a corresponding flow rate of Q i ϭ RBF/ki, a discharge hematocrit, HD (34) , and a tube hematocrit, HT, that depends on the vessel diameter as follows (34):
The obtained parameters for the WKY base case are given in Table 5 .
Intravascular oxygen transport model. The intravascular model considers axial convection of oxygen with plasma and RBCs as well as radial diffusion. Inside the RBCs, oxygen binds to heme groups in hemoglobin, which can be described by a one-step reaction:
( A12)
The governing equations for oxygen transport by the RBCs can be written as
where J O2
RBC is the flux across the RBC membrane, ͫ s v ͬ RBC is the surface to volume ratio of an RBC, and ⌫ is the net amount of oxygen released in the reaction given in Eq. A12. The oxygen transport in the plasma is governed by
Eqs. A13-A16 constitute the LCAP model of Nair et al. (27) . This model showed in confirmation of experimental results that only a very small portion of the intracapillary resistance to oxygen transport lies within or in the immediate vicinity of the RBCs (4% for a 27-m capillary and even smaller for larger vessels). We first assume that the reaction given in Eq. A12 is in chemical equilibrium and that the saturation of heme groups with oxygen, SO2, is represented by the Hill equation (3)
where C50 and n are the half saturation oxygen concentration and an empirical constant, respectively. Hence, Eqs. A13 and A14 can be combined to
where
Second, assuming a continuous oxygen tension across the RBC wall, we neglect the resistance by the RBC membrane as well as the resistance associated with the intra-and extracellular boundary layers. Thus, using C O2 P ϭ (␣P/␣RBC)C O2 RBC , Eqs. A15 and A18 can be combined to obtain an equation for the free oxygen concentration in RBCs in the RBC-rich region, C O2 RBC (28) : 
Case Setup
All computational cases presented here are set up as follows. 1) The oxygen advection path in the tissue is determined by solving for incompressible laminar flow with the icoFoam solver in OpenFoam version 1.6-ext (19, 50) . The maximum oxygen advection velocity is assigned on the lateral walls of the computational domain, whereas slip conditions are applied at the vessel-tissue interfaces. The maximum oxygen advection velocity is taken as 1.85 mm/s (17) for the WKY and H0 cases. For all other cases presented here, we assumed that the oxygen advection velocity in capillaries is proportional to the RBF of the respective case. For the SHR and RBF/V O2 cases, this proportionality is based on the RBF of the WKY case, whereas it is based on the RBF of the H0 case for the H1, H2, and H3 cases. 2) RBF values (given in Tables 3 and 4 for the base cases) are used to calculate flow rate at each representative level, Q i ϭ RBF/ki. Velocity and hematocrit profiles are then set accordingly using the procedure detailed above. 3) Prescribing the reference renal artery PO2, PO2,RA, the total heme group concentration is set such that the renal artery oxygen delivery (DO2,inlet,a,10) matches the values given in Tables 3  and 4 . Hence, the total heme group concentration is set to CHbT ϭ 20.2 mol/m 3 for WKY and CHbT ϭ 23.8 mol/m 3 for SHR. In the hemodilution cases, total heme group concentration is set to CHbT ϭ 20.9, 18.4, 17.7, and 18.0 mol/m 3 for the H0, H1, H2, and H3 cases, respectively. For the RBF/V O2 and hypoxemia/hyperoxemia cases, CHbT has the same value as that in the WKY base case. 4) Total V O2 (given in Tables 3 and 4 for the base cases) is distributed between the cortex and the medulla according to their tissue volumes of V C,T ϭ 0.87 cm 3 (calculated as explained above) and VM,T ϭ 0.48 cm 3 (9), respectively. Cortical oxygen consumption is further distributed among the representative levels with respect to the capillary volume at that level, assuming that consumption is proportional to capillary volume. Finally, the local rate of oxygen consumption at each representative level, M i, is calculated for the AFD and PD models with the respective tissue volumes of (1 Ϫ )Vi,T and Vi,T. The cortical and medullary oxygen consumption as well as the local oxygen consumption rates at each representative level are given in Table 6 for all base cases. 5)The capillary PO 2, PO2,c must assume a value between PO2,outlet,a,0 and PO2,inlet,v,0:
where is a constant between 0 and 1. For the base cases, its value is chosen so that the calculated cortical PO 2 matches that of the respective reference value. This is done for the AFD model; the same value is used for the PD model. In RBF/V O2 and hypoxemia cases, the same value is used as in the WKY case. In hyperoxemia cases, is chosen so that the calculated cortical PO 2 matches the reference values given by Schurek et al. (36) for PO2,RA ϭ 90 and 593 mmHg. For the other hyperoxemia cases, i.e., when 100 Յ PO2,RA Յ 500 mmHg, is determined by linear interpolation between its values for the above reference partial pressures.
Calculation of Reported Values
The partial pressure of oxygen at the vessel outlet of each order is calculated as a plasma volumetric flow-weighted average:
The cortical tissue PO2 is calculated as a volume-weighted average: , where R is the vessel radius at that location. Plasma and RBC oxygen concentrations in the above equations are determined as C O2 P ϭ ␣PPO2 and C O2 RBC ϭ ␣RBC PO2, respectively, whereas hemoglobin-bound oxygen concentration in RBCs is determined through Hill's equation, as detailed above.
The 
where j refers to individual computational cells. In the above equations, positive flux represents flux from the vessel or capillary into the tissue (capillaries supply oxygen to the tissue), whereas negative flux denotes the opposite; i.e., negative JO2,v and JO2,c are oxygen shunted to the venous tree and oxygen taken up by the capillaries, respectively (see Fig. 2 ).
Grid Independence Study
Four sets of nonuniform unstructured grids respectively consisting of 102,720 (coarse), 821,760 (medium), 2,773,440 (fine), and 6,574,080 (finest) hexahedral cells were generated to cover the computational domain and evaluated for the solution of Eqs. 3-5. Comparisons were made between the converged steady-state results obtained with two consecutively finer grids for the WKY base case. Figure 13 shows the differences in partial pressure of oxygen, PO 2, and oxygen flux across the vessel wall, JO2, for all representative levels. The relative error between the subsequent grids is defined as (30) e finerϪcoarser ϭ ͯ finer͑ x͒ Ϫ coarser͑ x͒ finer͑ x͒
where e is the relative error, ε is the particular result being compared, x is the spatial location, "finer" refers to the grid with the larger number of cells, and "coarser" refers to the one with the smaller number of cells. All relative errors between subsequently finer grids are presented in Table 7 . The fine grid with 2,773,440 elements was sufficient to accurately calculate PO 2, JO2,a, JO2,v, and JO2,c within a relative error margin of 0.6, 1.8, 7.7, and 1.0%, respectively, compared with the finest grid. Hence, the fine grid was utilized in all computations performed in this study.
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